ABSTRACT. Anopheles (Nyssorhynchus) darlingi is the primary vector of human malaria in South America. Immune responses in mosquito vectors of malaria are mainly regulated by genes of the Toll and IMD pathways through the transcription factors NF-kappa-β, Rel1 and Rel2, which are controlled by the negative regulatory genes Cactus and Caspar. We measured the expression levels of Rel1, Rel2, Caspar and Cactus genes, which are related to the immune system, in adult females of A. darlingi after blood feeding compared to adult females without blood feeding (controls) due to their possible effects on the ability of becoming infected with species of Plasmodium and spreading malaria. Quantitative expression was determined by real-time PCR, using the reference genes GAPDH and β-actin. The expression levels of Rel1, Rel2, Caspar and Cactus varied significantly at 4, 8, 14 and 24 h in mosquitoes that had fed on blood compared to control insects (0 h), with significantly greater expression at 24 h after blood feeding. Relative expression levels among these genes varied at the different post blood feeding times. This information adds to our understanding of the insect immune response system and related questions involved in understanding the biology and control of this mosquito.
INTRODUCTION
Malaria is one of the main public health problems of the poor regions of tropical and subtropical countries (Who, 2014) . It is caused by five species of the genus Plasmodium (Plasmodium falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi) , with the first four species being transmitted to humans exclusively through the bite of infected Anopheles mosquitoes, according to Deane (1988) . It is estimated that about 3.4 billion people in the world live in areas at risk of contracting malaria, due to environmental conditions in lakes and reservoirs with clear, shaded water, which is favorable for the development of species of the genus Plasmodium and its mosquito hosts (Forattini, 1962; Deane, 1988; WHO, 2014) . In 2013, records showed 198 million cases of the disease, with about 584,000 deaths, most of which were children in Africa (WHO, 2014) .
In Brazil, 99.6% of records of malaria are concentrated in the Amazon (Tadei et al., 1998; Tadei et al., 2016) , where in 2014 there were over 143,250 cases of this disease (Ministério da Saúde, 2015) . Anopheles darlingi is the principal vector of malaria parasites in South America (Rachou, 1958; Hiwat and Bretas, 2011) . It shows high rates of biting, anthropophily and susceptibility to infection by species of the genus Plasmodium (Deane, 1988; Tadei et al., 1998; Hiwat and Bretas, 2011) . Another important local feature is the variety and size of breeding sites of A. darlingi, ranging from large basins (lakes and backwaters) to puddles, tire tracks and ditches during the rainy season (Galvão and Damasceno, 1944) . These factors, along with its strong preference for feeding on human blood, contribute to A. darlingi being the principal vector of malaria in this country, because even though there has been a decrease in population density, the efficiency of transmission of plasmodia remains high (Tadei et al., 1998; Hiwat and Bretas, 2011) .
In the last decade, advances in the understanding of the immune system of insect vectors of disease have resulted in the identification of many genes that play important roles in their immune responses (Dimopoulos et al., 2000; Barillas et al., 2000; Bladin and Levashina, 2004; Riehle et al., 2006) . The immune response system of insects is not specific as in vertebrates; it maintains the same mechanism of immune response against bacteria, fungi or parasites, including cellular and humoral defenses (da Silva, 2002) . Cellular defenses are based on hemocytes, such as phagocytic cells, granulocytes, plasma cells and coagulocytes. Also, humoral defenses consist of soluble proteins in the hemolymph, which take hours or days to achieve an effective concentration to combat invading organisms, most of them being inhibitors of fungi and bacteria (da Silva, 2002) .
In some insects, injury or infiltration of bacteria induces the synthesis of antimicrobial peptides (AMPs) (Cociancich et al., 1994) . The cecropins, a class of such AMPs, are amphiphilic molecules with cylindrical structures, and they have two poles that bind negative peripheral proteins of the bacterial phospholipid membrane, weakening the lipid bilayer and causing leakage of the cytoplasm and cell apoptosis (da Silva, 2002) . In anophelines infected with malaria plasmodia, injection of cecropins has been shown to cause the formation of pores in the cell membrane of Plasmodium oocysts, arresting development at the sporozoite stage (Gwadz et al., 1989) .
Defensins are another class of antimicrobial peptides. They are cationic defense proteins rich in cysteine and capable of forming pores in the membranes of bacteria and fungi. A study of silencing of the expression of the defensin gene in Anopheles gambiae demonstrated the occurrence of this protein in antimicrobial defenses against gram-positive bacteria (Blandin et al., 2002) .
Another important protein in the immune defense system of insects is the AMP gambicin. This AMP has evolved specifically to combat microbial flora or malaria parasites, because it is highly expressed in bacteria or infections by Plasmodium species (Dimopoulos, 2003) .
Serine proteases are also important proteins in the immune defense system and form the largest superfamily of peptidases. They are enzymes that break peptide bonds of proteins using serine at the catalytic site, and are found in a wide range of organisms, from viruses and bacteria to eukaryotes (Rawlings and Barrett, 1993) . Serine proteases are required for recognition of Plasmodium species, against which they trigger amplification cascades of immune defense reactions, causing the synthesis of AMPs (Dong et al., 2006) .
The regulation of the immune response system of Anopheles mosquitoes is performed by the Toll and IMD (immunodeficiency) pathways and two transcription factors (NF-kappaB Rel1 and Rel2), which are controlled by the negative regulators Cactus and Caspar (a homolog of the Fas-associated factor of mammals), which are connected to Rel1 and Dredd (a homolog of caspase-8), respectively (Garver et al., 2009; Cirimotich et al., 2010) . The Toll and IMD pathways send a pathogen recognition signal to inhibit the negative regulators Cactus and Caspar, activating the nuclear translocation of transcription factors NF-kappaB, Rel1 and Rel2, which induce the transcription of effector genes such as those encoding AMPs (Garver et al., 2009) .
In A. gambiae, the transcription factor Rel1is controlled by the Toll pathway, in which Toll is an analogue of Dif factor in Drosophila melanogaster, being Rel2 controlled by the IMD pathway, which is an ortholog of the factor Relish of D. melanogaster (Lemaitre et al., 1995; Meister et al., 2005) . In both insects, Cactus is a negative regulator of the Toll pathway, which under normal conditions is bound to Dif/Rel1, retaining the transcription factor in the cytoplasm (Belvin and Anderson, 1996; Christophides et al., 2002) . When Toll is activated, the signal is transmitted through adapter proteins (Pelle and Tube), triggering the phosphorylation of Cactus, marking it for degradation. The degradation of Cactus releases Dif/Rel1, which migrates to the cell nucleus, activating the transcription of AMP genes (Belvin et at., 1996) .
The activity of IMD/Rel2 (Relish/Rel2) in Drosophila is controlled by its own inhibitory factors (repetitions of ankyrin), which can be cleaved by Dredd (catalytic protein), which causes the activation of Relish/Rel2 (Stoven et al., 2000; Stoven et al., 2003) . Negative regulation of this factor (Relish/Rel2) is controlled by the regulator Caspar, specific for the IMD pathway, which binds to Dredd, preventing the cleavage of Relish/Rel2 (Kim et al., 2006) . After observing an increase in resistance to exposure to Gram-negative bacteria and increased constitutive position of AMPs, Kim et al. (2006) determined that Caspar blocks the nuclear translocation of Relish and Dredd (a necessary prerequisite for Relish to enter the nucleus) and cleaves Relish; this is the target of suppression by Caspar in the IMD pathway (Kim et al., 2006) . Silencing of Caspar prevents the development of P. falciparum in various Anopheles species (Garver et al., 2009) .
We analyzed the expression of the genes Rel1, Rel2, Caspar and Cactus of females after blood feeding, compared to non-fed females, because of possible effects on the ability of A. darlingi to become infected with Plasmodium species and spread malaria. This may be useful for future inquiries about these genes in the control of this mosquito.
MATERIAL AND METHODS
Larvae of A. darlingi were collected in Bairro Puraquequara (03º 03' 06.14'' S and 59º 53' 38.56'' W), in the municipality of Manaus, Amazonas State, Brazil, with permission from the Ministry of the Environment (IBAMA), No. 17524. Larvae of A. darlingi were maintained in the Laboratory of Cytogenetics, Genomics and Evolution of Mosquito Vectors -Coordination of Society, Environment and Health (CSAS), INPA, Manaus, Amazonas State, Brazil. The samples were identified according to taxonomic keys (Forattini, 1962; Consoli and Lourenço, 1994) . They were fed commercial fish food, Tetra Cichlid flakes, up to adulthood, and then fed with 10% sugar solution for 24 h (Ohse et al., 2017) . Blood feeding was conducted with domestic ducks (Anas platyrhynchos) in groups of 20 female subjects (pooled), and samples were afterwards collected at 4, 8, 14 and 24 h, with each pool being in biological triplicate. Non-fed females (0 h) were also included, for a total of 300 samples, which were frozen at -80 o C. Total RNA was extracted from adult females of A. darlingi (100 mg) fed with blood and from non-fed females (0 h), all in triplicate, using the extraction and purification kit from QIAGEN Biotechnology Brasil Ltda (São Paulo, SP, Brazil). RNA was quantified with a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific -Life Technology) São Paulo, SP, Brazil. We used the RiboGreen RNA reagent to quantify RNA because it is more precise compared with direct quantification of RNA using a 230 nm wavelength. The integrity of total RNA was verified using a 1% agarose denaturing gel. The reference gene should normalize small discrepancies between samples. The similarity of contigs 83970 (Rel1), 17805 (Rel2), 103357 (Caspar), 83470 (Cactus), 68 (GAPDH), and 433 (β-actin) of A. darlingi was evaluated in the databank (http://sysbiol.cbmeg.unicamp.br.adarlingi/) against A. gambiae (http//www.ncbi.nlm.nih.gov). The primers for Rel1 (Fw: 5 GAAACACCTGGAAGCACAAC3' and Rv: 5'TTAAGCAGCGACTGGAAATC3'), Rel2 (Fw: 5'GCTCGCATCGCTCGTATT3' and Rv: 5-TTCGCCTTCTTCGTCGTC3'), Caspar (Fw 5'CACATTATCAATAGCCGTTATGC3' and Rv:5'TTGCTGTCGTCGCTTCTAC3'), Cactus (Fw: 5'GCCCGATTGCGACATCA3' and Rv: 5'ACCAGTTTCCTTACCAATTCC3'), GAPDH (Fw: 5'CGAGTACGGCTACTCCAACC3' and Rv: 5'CTGGCACACAAGTGAGGCTA3'), and β-actin (Fw: 5'TCGTGCGTGACATTAAGGAG3' and Rv: 5'GCAGCTCGTACGACTTTTCC3') were designed with the help of the programs Gene Runner and Primer 3, according to Tm of 60% GC, and synthesized by Integrated DNA Technologies IDT.
The complementary strand of mRNA (cDNA) was obtained using a kit from Promega, processed according to the manufacturer's instructions. The cDNA amplifications were done in a 7500 Real-Time PCR System thermocycler, with the SYBR Green system (Applied Biosystems® -Life Technology Brazil, São Paulo, SP, Brazil). The conditions for the amplification reactions of Rel1, Rel2, Caspar and Cactus were: 95°C for 10 min, Gene expression of Rel1, Rel2, Caspar, Cactus of A. darlingi 5 followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. The samples of each stage were analyzed in biological triplicate to optimize the reliability of the results. cDNA of non-blood-fed adult females of A. darlingi was used as a calibrator (control samples) for comparison with fed adult females because of little variation in Ct between biological replicates, allowing comparison of gene expression of these samples. This allowed the validation of expression levels of Rel1, Rel2, Caspar, and Cactus in the qRT-PCR assays, according to the mean and standard deviation. The constitutive genes GAPDH and β-actin were used as controls (endogenous) for normalization of the reactions.
The relative expression levels of Rel1, Rel2, Caspar, Cactus, GAPDH, and β-actin genes in A. darlingi were calculated by the comparative Ct (2-ΔΔCt) method (Livak and Schmittgen, 2001) .
RESULTS
In the comparison of expression between the Rel1 and Cactus genes, expression of the Rel1 gene was greater than that of the Cactus gene at times 8 and14 h, while the expression of Cactus was greater at 4 and 24 h. That is, when Rel1 showed higher expression, Cactus showed lower expression and vice versa (Figure 1) . The expression of Caspar was greater than that of Rel2 at times 4, 14 and 24 h, while the expression of Rel2 was greater than that of Caspar at 8 h (Figure 2) . The expression of the Rel1 and Rel2 genes showed a gradual increase at 8 h after blood feeding, with peak expression levels at 14 h. After 24 h of blood feeding, the expression levels of Rel1 and Rel2 decreased in the females. The Cactus and Caspar genes, on the contrary, had peak expression at 24 h after the blood meal, contrasting with the other times (4, 8 and 14 h), during which expression varied.
DISCUSSION
Studies of immune response in mosquito vectors of pathogens to humans, such as A. darlingi, the primary vector of malaria in South America, are still scarce (Lehmann et al., 2009 ). In our study, expression of the genes Rel1, Rel2, Caspar and Cactus, related to the immune system, was determined in adult females of A. darlingi with and without blood feeding, using the reference genes GAPDH and β-actin.
In studies of gene expression in adult females of A. gambiae after a blood meal, using the microarray method, gene expression has been quite variable (Marinotti et al., 2005) , with an increase and decrease in gene expression (TNF receptor of the Toll pathway) related to immune function 24 h after the blood meal. In our study in A. darlingi females, 24 h after blood feeding, there was an increase in the expression of the genes Cactus and Caspar, whose products are inhibitors of the transcription factors of the Toll and IMD pathways. Another study of gene expression patterns in A. gambiae through microassays (Dana et al., 2005) used 2000 transcripts of abdomens of adults from insectarium colonies fed on three foods (glucose, uninfected blood and blood infected by P. berghei). These authors found variation in expression of transcripts at 1, 3, 5, 12, 16, 24 and 48 h.
The immune response in Anopheles mosquitoes is regulated by the Toll and IMD pathways and the transcription factors NF-kappaB Rel1 and Rel2. These two factors are Gene expression of Rel1, Rel2, Caspar, Cactus of A. darlingi 7 controlled by the negative regulators Cactus and Caspar. Rel1 acts as a transcription factor of the Toll pathway and has Cactus as its negative regulatory protein (Belvin and Anderson, 1996; Christophides et al., 2002) . These authors argue that Cactus under normal conditions binds to and suppresses the transcription factor Rel1 in the cytoplasm. However, when the Toll receptor is activated, Cactus is degraded by adapter proteins (Pelle and Tube) releasing Rel1, which then enters the nucleus and regulates the transcription of effector AMP genes (Belvin et al., 1995) . Accordingly, the level of transcription of AMP genes in A. gambiae, compared to the findings for A. darlingi in our study (Figure 1) , suggests an antagonistic relationship between the expressions of the Rel1 and Cactus genes in blood-fed mosquitoes after 4, 8, 14 and 24 h. Rel1 showed higher expression, while Cactus had a decreased expression and vice versa. Nevertheless, we noticed a difference in gene expression level in A. darlingi of approximately 0.3 relative quantification units at 24 h after the blood meal. This suggests that at this time, the expression of Rel1 started to decrease, while the expression of Cactus increased, since at 14 h, the expression of Rel1 was greater than that of Cactus, a difference of on average of 4 relative expression units. As early as 4 h after the blood meal, the expression of Rel1 was lower than that of Cactus, suggesting that at this time the transcription level of AMP genes was lower than at 8 and 14 h. But at 24 h, gene transcription level decreased further, which showed that the Toll pathway regulates the transcription of effector genes such as AMPs (Christophides et al., 2002) .
The Rel2 gene is translated into Rel2 protein, which is a transcription factor of the IMD pathway, while the Caspar gene is translated into the Caspar protein, which is an inhibitor of Rel2 (Kim et al., 2006) . Rel2 is controlled by inhibitory factors, while it can be cleaved by Dredd, resulting in its activation. Activated Rel2 can cross the nuclear membrane and stimulate the transcription of AMP genes (Stoven et al., 2000; Stoven et al., 2003) . Caspar under normal conditions binds to Dredd, preventing it from cleaving Rel2. Once the receptor IMD is activated, Caspar separates from Dredd, leaving it free to cleave Rel2 (Kim et al., 2006) .
In our study, the expression of the Rel2 gene and of its inhibitor Caspar in adult females of A. darlingi not fed with blood (0 h) and individuals after blood feeding (4, 8, 14 and 24 h) were similar to the above findings, showing an antagonistic relationship between the Rel2 and Caspar genes (Figure 2 ). In this interaction, the expression of Caspar was greater than that of Rel2, with a difference of 0.1, 1.7 and 2.8 at 4, 14 and 24 h, respectively. On the contrary, only at 8 h was the expression of Caspar less than that of Rel2. It is therefore inferred that at 4, 14 and 24 h, Caspar gene transcription increased, indicating that there could have been a greater inhibition of Dredd, preventing cleavage of Rel2, which promotes the transcription of effector genes.
Because of the difficulty of mating and effective reproduction of A. darlingi in the laboratory, we used samples of this mosquito caught in natural breeding sites, which have uncontrolled environmental variables (volume, pH, turbidity and temperature of water, besides environmental contaminants (Tadei et al., 1998) . The expression of specific genes can be taken into account when varying the mechanisms of adaptation of organisms to various environmental conditions (Desroche et al., 2005) . Sequences of bacteria have been detected in the genome of A. darlingi; these could be derived from environmental contamination or from microorganisms associated with this mosquito (Marinotti, 2013) . Anopheles darlingi in our study was obtained in the field, and it is emphasized that it is not feasible to control for possible infections of this mosquito with bacteria, fungi and viruses, for example. Thus, differences in the expression of the genes Rel1, Rel2, Cactus and Caspar may be related to the immune status of these samples of A. darlingi caught in the field. These results are similar to the findings of gene expression of A. gambiae from laboratory colonies, which also did not achieve control the exposure of the mosquitoes to bacteria and fungi (Marinotti et al., 2005) .
In a study of A. gambiae fed with blood, Bryant and Michel (2014) analyzed the proliferation and activation of hemocytes of this mosquito. They found significant changes in hemocytes, with higher levels of components and added melanization in the immune response 24 h after feeding; the blood meal induced the activation of the innate response of the specimens. Our results also showed this immune response in A. darlingi, since the expression levels of Rel1, Rel2, Caspar and Cactus were higher at 24h after blood feeding, compared to the control (0 h).
In a study of A. gambiae fed with blood, the proliferation and activation of hemocytes of this mosquito was analyzed (Bonizzoni et al., 2011) . The authors found that over 30% of the 18,000 transcripts were expressed differentially at 5 h after the blood meal. Our data are similar to what was found with A. gambiae, as there was an increase in the accumulation of mRNA of Rel1, Rel2, Caspar and Cactus at 8, 14 and 24 h compared to 4 h after blood feeding.
The findings of this study adds to our understanding that the mRNA of Rel1, Rel2, Caspar and Cactus are able to affect the ability of A. darlingi to become infected with Plasmodium species and spread malaria.
CONCLUSION
Differences in gene expression between adult females of A. darlingi after blood feeding compared to control insects (0 h) affected the A. darlingi immune response. Further expression studies are needed to define immune responses and related questions that may be involved in understanding how expression of Rel1 and Cactus, Rel2 and Caspar genes and affects malaria vector biology.
